Abstract-Knowledge of the interfacial contact impedance offered by the device at its operating frequency range is crucial for accurate modelling and understanding of the device. In this article, a novel modified TLM test-structure has been devised to extract interfacial contact parameters at frequencies upto 4 GHz. S-parameter measurements performed on these test-structures were validated with the measurements on identical test-structures suited for conventional DC four point force-sense measurements. Based on these measurements the electrical model for the metalto-PCM interface is derived for different contact impedances.
I. INTRODUCTION
Electrical contacts are an integral part of all electrical or microelectronic devices. During operation, through these contacts current enters and exits the functional layers in devices. Depending on the nature and working of these devices current may flow continuously or for short intervals through the contacts in a device. In a Phase Change Random Access Memory (PCRAM) cell, the functional layer is a thinfilm of chalcogenide alloy or Phase Change Material (PCM) integrated into the first metalization level of the integrated circuit [1] . The contacts for this memory cell are established between the PCM layer and the interconnect metalization. The principle of operation of these PCRAM cells is based on the switching of this embedded PCM layer between the amorphous (reset state) and the crystalline (set state) phase. This operation is achieved by using electrical pulses of different width and amplitude. The state of the memory cell is read by checking the phase of the PCM layer using again pulsed electrical resistance measurement [2] . Typically set, reset or read operation are achieved by different electrical pulses of nano-second duration [2] [3] . Phase change memory cells have been demonstrated for very fast material switching times down to 1 ns for both set and reset operation [4] . Memory cells with a read-time of 2 ns have been reported to allow up to 200 MHz data throughput [3] . Furthermore, research is progressing to improve the electrical switching speed of PCM which has been demonstrated to switch with pico-second laser pulses [5] . With these improved switching speeds, a PCRAM cell can operate at even higher data throughput rates. Electrical current flows through the memory cell only when it is accessed for either set, reset or read operation. Hence, during operation of the device, the electric potential at the contacts follows this fast changing signal. Hence, for complete understanding of the performance of these devices, the properties of the PCM and the contacts at its operating frequency range is crucial.
In the case of a phase change line memory cell, the resistances in the current path include the resistance of the switching part of the cell and two metal-to-PCM contact resistances [2] . At the contacts of these memory cells the PCM will be in the crystalline state. These metal-to-PCM contact resistances have been characterized at DC using Cross Bridge Kelvin Resistor (CBKR) measurement structures [6] . CBKR structures are suited for contact resistance measurements only at DC current and voltages. In this manuscript, novel modified TLM structures are presented suited for contact interface characterization at high frequencies. The layout, theory and the fabrication steps involved in the realization of these test structures are also presented. Two port S-parameter measurements were performed on these structures from which the contact impedance and specific contact impedance is extracted as a function of frequency. These extracted contact parameters are validated with the values measured at DC using identical four point test structures. We have shown that these test structures are suited for accurate characterization of the metalto-PCM contact interface up to 4 GHz (Ultra High Frequency Range). The frequency dependence of the contact interface is electrically modeled. Finally, based on this model the interface resistances and capacitance are extracted for different contact impedances.
II. TEST STRUCTURES
Transfer length method (TLM) test structures have proved to be useful for extraction of electrical contact parameters. These parameters are extracted by the DC approximation of the current and the voltage equation at the contact with transmission line equations [7] . In a TLM structure, the specific contact resistance (ρ c ) is calculated from the contact transfer length (l). Based on this same principle different variations in the layout for TLM structures have been developed like; linear-TLM structure [8] [9] [10], circular-TLM structure [11] and Scott-TLM structure [12] [7] . All these structures are suited for DC four-terminal current-voltage (I-V) measurements.
A. Scott-TLM structures
As opposed to linear-TLM and circular-TLM structures, Scott-TLM test-structures consist of structures with metal segments (TiW) of varying length underneath the PCM layer and a reference structure. The reference structure consists of a PCM line without any metal segment. Metal segments of equal length are repeatedly placed at equi-distance between these two contacts such that; 1) the total length of PCM in all the structures including the reference structure is the same and 2) for all the structures with metal segments, the total length of PCM segments and the intersected metal segment length is the same. For all the structures two large metal-to-PCM contacts at the ends of the PCM line serve as the entry and exit contacts for the current. A Scanning Electron Microscope (SEM) image of the reference structure (REF) and the Scott structures (S1-S7) are shown in Fig.1 . The number and width of the metal segments for each structure is given in Table I . The measurement technique for these structures is by eliminating the resistance of the reference structure (REF) not interrupted by metal segments from the resistance of the structures (S1-S7) interrupted by one or more metal segments. As the structures have been designed to have equal PCM and electrode segments lengths, the difference between the reference resistance and the other resistances is attributed to the total contact resistance contribution.
The metal sheet resistance RM is assumed to be much less than Rsh. From R CT , the contribution of the contact resistance (R c ) of the individual metal segments in a structure is expressed as:
where R i is the resistance of the structure interrupted by n metal segments, R ref is the resistance of the reference structure. From R c the specific contact resistance (ρ c ) can be extracted by fitting the measurements with the equation [12] :
where R sh is the sheet resistance of the PCM, l is the contact transfer length, L i is the length of the metal segment in each structure, and W is the width of the PCM segment. The contact transfer length l is expressed as:
When a current is forced through these Scott structures the current divides itself between the PCM layer and the metal segments, based on the length of the metal segment L i in the structure compared to the transfer length l. For the structures there are two cases regarding L i and l; 1) L i << l ; the current does not have enough length to enter the metal and hence the presence of metal have less or no effect of the measured resistance. 2) L i >> l ; the current has enough length to completely enter the metal from the PCM, and flows through the metal before it goes back to the PCM. In this case the metal segment shorts that part of the PCM resistance. At the same time it adds two metal-to-PCM contact resistance and the metal segment resistance. Applying this limit to eq.(3), the limiting case of this resistance can be expressed as;
Since Scott structures are available with different metal lengths, this limiting condition for R C can be applied to eq. (3) and (4) and can be expressed as [12] ;
From the slope of the plot of eq. 6 as a function of L i , contact transfer length l is experimentally calculated from which also ρ c can be extracted.
B. Fabrication
High frequency TLM test structures, calibration structures and DC structures were processed on the same Si-SiO 2 wafer. To fabricate these test structures, first a 100 nm TiW layer is sputter deposited and patterned to form the electrode and metal segments in the Scott-TLM structure. A 500 nm PECVD SiO 2 layer is then deposited at 400
• C and the wafer surface is planarized such that SiO 2 is removed from top of the TiW pattern.To prevent dishing and erosion of this metal layer during planarization a tiling pattern is also formed in the same metal layer (Fig.2) . A 500 nm aluminum layer is then deposited and patterned to form the ground lines (to reduce the ground impedance between ports) and the bond pads regions to facilitate probing. Finally, a 50 nm PCM layer is deposited by sputtering and patterned to form the metal-to-PCM contacts in these structures. Three different wafers were fabricated with these test structures having different surface treatments before PCM deposition and patterning. The first wafer (wafer-1), is fabricated with a Ar pre-clean (sputter-clean) before PCM deposition. This Ar pre-clean step removes all the process remnants and native oxide from the metal surface [13] resulting in a good metal-to-PCM interface. For the second (wafer-2) and third wafer (wafer-3) the Ar pre-clean step is omitted, and for wafer-3 an additional treatment was done in oxygen plasma at 110
• C for 5 min (descum). Here an interfacial layer is introduced intentionally between metal and PCM. In the case of wafer-3 an even thicker oxidised interfacial layer is expected.
For all three wafers identical Scott structures were processed in the GSG configuration and in the DC four terminal configuration. Test structures are available with a PCM line width of 50 μm, 20 μm, 10 μm, 5 μm, 2 μm, and 1 μm. The length of the PCM in the structures is 50 μm. Different structures having the same PCM width and length were available with metal segment length (L i ) varying from 25 μm to 360 nm as given in Table I .
In order to measure the contact resistance at high frequencies these Scott TLM structures are fabricated in a GroundSignal-Ground (GSG) configuration suitable for two port Sparameter measurements. To validate these HF measurements identical test structures were also fabricated on the same wafer with a DC four terminal configuration suitable for force-sense measurements. The SEM image of a Scott TLM structure (S3) with four metal segments in the GSG configuration and the DC configuration with four bond pads is shown in Fig. 2 . 
III. ELECTRICAL CHARACTERIZATION

A. DC Measurements
Electrical DC resistance measurements were performed on all the Scott structures with a four bond-pad configuration shown in Fig 2(b) . These measurements were performed on the three different wafers. The structures were annealed at 200
• C for 5 min, and hence the PCM will be in the crystalline state with approximately the same sheet resistance R sh of 70 Ω/Sq measured using Van-der-Pauw structures. From the measured resistance of each structure, R CT and R C is calculated using eq. (1) and (2). From eq.(6), a transfer length (l) of 6.2 μm and then using eq.(4) a specific contact resistance (ρ c ) of 3.2×10 ρ c is extracted for wafer-1 (Ar Pre-clean).
B. HF Measurements
Two-port S-parameter measurements were performed in a 1 MHz to 4 GHz frequency range on GSG Scott-TLM test structures using an Agilent E5071C network analyser. The analyzer is first calibrated up to the probe-tips using a Short-Open-Load-Thru (SOLT) calibration. To remove the influence of the pads and interconnect, dedicated open and short de-embedding structures are measured [14] [15]. These de-embedding structures are essentially the same Scott structure, however for the open calibration structure the PCM line is not present and for the short calibration structure the PCM line is replaced by a very low resistance aluminum line. Independent force sense (I-V) DC measurements were performed to estimate the resistance of these structures using a semiconductor parameter analyser.
From the measured S-parameters the real and the imaginary part of the differential impedance (Z) offered by each of the Scott structures is calculated as [16] :
Then by deducting the impedance of the reference structure from the measured impedance Z using eq. (1), the real and the imaginary part of the total contact impedance (Z CT ) offered by each of the structures is calculated. The calculated real part of Z CT (Re{Z CT }) and imaginary part of Z CT (Im{Z CT }) for Scott structure S1 with only one metal segment is shown in Fig. 4 . These measurements are for identical structures on wafer-1, 2, and 3. In Fig. 4 , no frequency dependence is observed for the real and the imaginary part of contact impedance for wafer-1. In the case of wafer-2 and wafer-3 both real and imaginary part of contact impedance show frequency dependence. The total contact resistance value measured at DC; 1.9 Ω for wafer-1, 23.1 Ω for wafer-2 and 51 Ω for wafer-3, is consistent with the measurements at 1 MHz shown in Fig. 4 . In Scott structure S1 (one metal segment) the total contact impedance (Z CT ) is the same as the contact impedance per metal segment (Z C ). From the measured impedance of Scott structures (S2-S7), the contact impedance offered by an individual metal segment (Z C ) can be calculated assuming eq. (2). The change in calculated Re{Z C } with the length of the metal segments at different frequencies for wafer-3 is shown in Fig. 5(a) . The measured value at DC is also shown. From these measurements the specific contact impedance (ρ c ) is extracted using eq. (3) and (6). In Fig. 5(b) , the extracted ρ c with frequency is shown for wafer-2 and wafer-3. In the case of wafer-1 the extracted ρ c of 8 × 10 −8 Ω.cm 2 is independent of the frequency. Wafer-2 and wafer-3 have an an interfacial layer between the metal and the PCM. This interfacial layer acts like a capacitor at the contact resulting in a frequency dependent behaviour. In the case of wafer-3, the thicker interfacial layer results in the relatively prominent frequency dependence. The measured frequency dependence of contact resistance is in agreement with the silicon model with a space charge region [17] .
C. Contact model
The metal-to-PCM contact interface can be electrically modelled as a resistance (R CS ) in series with a parallel combination of a capacitor (C CP ) and a resistor (R CP ). The series resistance RCS is the interfacial contact resistance formed due to the difference in work function of the two materials at the contact due to the shift in the energy levels. The interface capacitor C CP is formed due to the presence of the interfacial layer at the contact (only for wafer-2 and wafer-3). The resistor R CP accounts for the leakage through C CP . The interface contact model for an individual metal segment of length larger than the transfer length is shown in Fig. 6(a) . The equivalent electrical model for Scott structure S1 including the metal segment and the contacts for entry and exit for the current into the structure is shown in Fig. 6 (b). In this model R M is the resistance of the metal segment and R P is the resistance of the PCM segment in the structure. Based on this contact model the equations for the real and the imaginary part of the impedance offered by the metal segment and the whole structure are derived. Then by fitting the measured frequency dependence of the real and the imaginary part of impedances with the respective model equations, the effective capacitances and the total resistances can be calculated. In this calculation, R S as the sum of all the series contact resistance (= R CS ), R C as the sum of all the parallel capacitor resistance (= R CP ) and C C is the effective capacitance of all the capacitors in the structure. Fig.  7 shows the frequency dependence of real and imaginary part of the total contact impedance (Z CT ) for Scott structure S1 in wafer-3. The flat portion in Fig. 7(a) of the Re{Z CT } with frequency, accounts for the sum total of all the resistances in the structure; that is R S + R C . (If the total contact impedance of the structure (Z) is plotted with frequency then in addition to R S + R C , the flat portion of the curve also accounts for the resistance of the metal (R M ) segment and PCM segment (R P ) in the structure.) At higher frequencies R C will be shunted by the capacitor resulting in a drop in the impedance values above 100 MHz. The rate of decrease of impedance with frequency depends on C C and R C . That means that the change in interfacial capacitance will directly be visible in the plot of imaginary part of impedance. Fig. 7(b) is the plot of the im{Z CT } with frequency. The frequency at which this curve reaches a minimum value is obtained by equating the first derivative of the imaginary part of the model equation to zero. The obtained frequency minimum is:
By fitting both these curves simultaneously the capacitor and resistor values in the contact model can be derived. • represents the measured points and the line represents the calculated fit derived based on the electrical contact model.
As observed in Fig. 7 , the measured impedance values and the calculated values show good agreement with the model. From the fit an interface capacitance C C of 5.4 pf, a parallel resistor R C of 33.5 Ω and a series resistor R S of 17.5 Ω are extracted for the metal segment in S1. The same calculation and fit for the same structure S1 in wafer 2 results in a C C of 50 pf, R C of 6.5 Ω and R S of 18 Ω for the metal segment. For wafer-1, only a series resistor R S of 1.9 Ω is extracted. In the case of wafer 3, the thicker oxidised interfacial layer which results in a lower interfacial capacitance and a larger R C . At higher frequency the capacitive effect is negligible (it shunts R C ) and only the series impedance will be visible. This is approximately the same for both wafer-2 and wafer-3 (from Fig. 4(a) and from calculation).
The total capacitance value extracted from the different Scott structures for wafer-2 and wafer-3 is shown in Fig. 8 . The extracted capacitance value from the measured impedance Z of the fifferent structure (S1-S7) is shown in Fig. 8(a) . Z includes the impedance of the contacts for entry and exit points for the current shown in the equivalent electrical model in Fig. 6(a) . Hence the extracted value includes the capacitance contribution of these contacts in-addition to the capacitance offered by the metal segments. Fig. 8(b) shows the extracted capacitance value from Z CT calculated using eq. (1). Z CT is the impedance offered by the metal segments in the structure. Hence the extracted value from Z CT is the total capacitance contribution of only the metal segments in the structure. As observed from Fig. 8(a) , for both wafers the extracted capacitance is lower for S1, S2 and S3 as compared to the REF structure. Considering wafer-3, total capacitance extracted for the REF structure is 5.5 pf, which is 11 pF per contact interface. Now in the case of S1 with one metal segment, the total extracted capacitance of the structure is 2.3 pF. For this wafer, the transfer length (l=6.2 μm) is smaller than the metal segment length (L 1 =25 μm), the current enters the metal at the leading edge and leaves the metal segment at the trailing contact edge, adding two metal-to-PCM contact interfaces in the current path. Thus in the current path of Scott structure S1, four contact interfaces are present in series. Each of these interfaces has a capacitance of 11 pF. The metal segment in the structure has two contact interfaces in series. The extracted capacitance value from Z CT for S1 is 5.5 pF as shown in Fig.  8 (b) . For S2 having two metal segments (L 2 =12.5 μm), each of which adds two contact interfaces, six contact interfaces are present in series in the current path. The extracted capacitance value from Z and Z CT is 1.5 pF. In the case of other structures, the transfer length is larger than the metal segment length. So either the current is not completely entering the metal segment or as is in the case of S5, S6, and S7 the current does not even enter the metal segment. Here only the capacitance contribution of the two contacts (as in the REF structure) is measured as seen in Fig. 8(a) . A similar behavior is observed for structures with a PCM width of 5 μm. The capacitance values were lower due to the smaller contact area still having the same capacitance density per contact of 1.5 μF/cm 2 .
For wafer-2, the transfer length and ρ c are smaller and the interfacial layer is also thinner. This results in a larger fraction of the current flowing through the metal segments compared to wafer-3. The interfacial capacitance contribution of individual metal segments will also be larger as seen in Fig. 8(b) . The interface capacitance is observed for the part of the contact used for current transfer.
IV. CONCLUSION
A modified TLM structure with GSG configuration has been realized to perform contact resistance measurements at high frequencies. These test-structures have been fabricated with three different interface treatments (Ar pre-clean, oxygen plasma) resulting in different metal-to-PCM contact interfaces. Two port S-parameter measurements were performed on all the three test structures with frequencies up to 4 GHz. From the measured S-parameters, the total impedance of the structure and the contact impedance are calculated. The measurements on GSG structures at low frequencies are validated with the specific contact resistance extracted from identical test structures measured at DC. In case of structures with higher contact resistance, frequency dependence is observed for the contact impedance. The metal-PCM interface is electrically modelled with a resistance in series with a parallel combination of capacitor and resistor. The frequency dependence of the contact impedance is attributed to the presence of the interfacial layer at the contact that acts like a capacitor. Comparing the frequency response of the measured contact impedances for the test structures for each wafer with the electrical model, the different resistor and capacitor values are extracted.
Finally, we present a test structure and data extraction procedure that is suitable for electrical contact interface characterization at high frequencies, which is the only method that can separate the interface resistance from the interface capacitance values. For a PCRAM cell which operates in the MHz frequency range, the extracted metal-to-PCM specific contact resistance with an interfacial layer at its operating frequency is lower than that measured at DC.
